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ABSTRACT The nicotinic acetylcholine receptor (nAChR) carries two binding sites for snake venom neurotoxins. a-Bun-
garotoxin from the Southeast Asian banded krait, Bungarus multicinctus, is a long neurotoxin which competitively blocks the
nAChR at the acetylcholine binding sites in a relatively irreversible manner. Low angle x-ray diffraction was used to generate
electron density profile structures at 14-Å resolution for Torpedo californica nAChR membranes in the absence and presence of
a-bungarotoxin. Analysis of the lamellar diffraction data indicated a 452-Å lattice spacing between stacked nAChR membrane
pairs. In the presence of a-bungarotoxin, the quality of the diffraction data and the lamellar lattice spacing were unchanged. In
the plane of the membrane, the nAChRs packed together with a nearest neighbor distance of 80 Å, and this distance increased
to 85 Å in the presence of toxin. Electron density profile structures were calculated in the absence and presence of
a-bungarotoxin, revealing a location for the toxin binding sites. In native, fully-hydrated nAChR membranes, a-bungarotoxin
binds to the nAChR outer vestibule and contacts the surface of the membrane bilayer.

INTRODUCTION

The nicotinic acetylcholine receptor (nAChR) is a ligand-

gated ion channel (LGIC) found in the neuromuscular junc-

tion of vertebrates and the electrocytes of electric fish. The

nAChR in the electrocyte membranes of the electric marine

ray, Torpedo, is the best characterized member of a super-

family of LGICs involved in information transfer in the brain

and neuromusculature. The nAChR is a large complex of four

transmembrane glycoprotein subunits which form an a2bgd

pentameric complex surrounding a central cation-conducting

pore (Raftery et al., 1980). The subunits form 120-Å rods

arranged around a pseudo-fivefold axis and lying approxi-

mately normal to the membrane plane (Toyoshima and Un-

win, 1988, 1990; Unwin, 1993, 1995;Miyazawa et al., 1999).

The nAChR carries two binding sites for agonists and

competitive antagonists and a single binding site for non-

competitive blockers. Acetylcholine is the natural agonist at

nicotinic synapses, and the two a-subunits per receptor

complex contain the agonist binding sites. Polypeptide

neurotoxins act as competitive antagonists and include the

venoms from snakes of the Elapidae (cobras, kraits, mambas,

coral snakes, etc.) and Hydrophidae (sea snakes) families.

These venoms contain basic polypeptides which are grouped

into short- and long-chain neurotoxins (Chiapinelli, 1993).

a-Bungarotoxin (a-toxin) from the Southeast Asian banded

krait, Bungarus multicinctus, is a long neurotoxin with high

affinity for nAChRs (Lukas et al., 1981; Servent et al., 1997).

Our understanding of a-toxin binding has progressed

rapidly with the recent crystal structure of the acetylcholine

binding protein (AChBP) (Brejc et al., 2001) and numerous

a-toxinstructuresbyx-raycrystallography(AgardandStroud,

1982; Love and Stroud, 1986; Betzel et al., 1991; Harel et al.,

2001) and NMR (Leroy et al., 1994; Zinn-Justin et al., 1992;

Moise et al., 2002). The AChBP is a homolog of the extra-

cellular domain of nAChR and the crystal structure has

allowed interpretation of the electron cryomicroscopy struc-

ture of nAChR (Unwin et al., 2002). a-Toxin has been shown

to bind to the a-subunit between residues 172-205 (Wilson

et al., 1985; Wilson and Lentz, 1988; Mulac-Jericevic and

Atassi, 1986; Neumann et al., 1986a,b; Ralston et al., 1987).

Moreover, the structures of a-toxin in complex with some of

these a-subunit sequences have been determined (Basus

et al., 1993; Harel et al., 2001; Zeng et al., 2001; Scherf et al.,

1997; Moise et al., 2002). These data combined with the

AChBP crystal structure form the basis for current models of

a-toxin binding (Harel et al., 2001; Moise et al., 2002).

The goal of this study was to provide direct evidence for

the location of the a-toxin binding sites on native nAChR

membranes. Utilizing the technique of low angle x-ray dif-

fraction, relative electron density profiles were calculated for

fully oriented Torpedo nAChR membranes in the absence

and presence of a-toxin. Comparison of the relative electron

density profiles in the absence and presence of a-toxin

indicated a location for the binding sites in contact with the

membrane surface. Our data, combined with the current un-

derstanding of nAChR structure, provide a structural model

for a-toxin binding.

MATERIALS AND METHODS

Membrane preparation

nAChR-enriched membrane fragments were prepared from T. californica
(Klymkowsky et al., 1980; Kistler and Stroud, 1981). Fifty grams of frozen
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electric organ (Marinus Inc., Long Beach, CA; stored at �708C) were

homogenized in 300 ml of homogenization buffer (10 mM NaH2PO4, pH

7.4, 400 mM NaCl, 5 mM EDTA, 5 mM EGTA, 5 mM iodoacetamide,

5 mM NEM, 0.4 mM PMSF in 2-propanol, 0.3 mM DFP, 0.02% NaN3) in

a VirTis homogenizer (model 45, VirTis Co., Gardner, NY). The crude

homogenate was centrifuged for 10 min at 6500 rpm in an SW-28 rotor

(Beckman Instruments, Inc., Palo Alto, CA). The resulting supernatant was

collected through 16 layers of cheesecloth and centrifuged for 55 min at

19,500 rpm (;50,000 3 g). The pelleted membranes were resuspended in

50 ml gradient buffer (10 mM NaH2PO4, pH 7.8, 1 mM EDTA, 1 mM

EGTA, 2.5 mM iodoacetamide, 0.2 mM PMSF, 0.3 mMDFP, 0.02% NaN3)

by homogenization in a 50-ml Dounce homogenizer. After two rounds of

centrifugation for 10 min at 6500 rpm to remove precipitate, the membranes

were pelleted for 55 min at 19,500 rpm. The pelleted membranes were

resuspended in 5 ml 20% wt/wt sucrose and layered onto a single 35-ml,

38% to 29% (weight/weight) linear sucrose gradient in gradient buffer. The

gradient was centrifuged overnight ($12 h) at 25,000 rpm in an SW-28 rotor

and fractionated from the bottom into 1-ml fractions.

The sucrose gradient fractions were analyzed by SDS-PAGE (Laemmli,

1970). 125I-a-Bungarotoxin (Amersham Corp., Arlington Heights, IL)

binding was measured by a filter binding assay (Schmidt and Raftery, 1973).

Negative-stain electron microscopy was carried out using either 2% sodium

phosphotungstate, pH 7.4, or 1% uranyl acetate, pH 6.0.

Diffraction sample preparation

Fully oriented nAChR membrane multilayer samples were prepared by

extended centrifugation followed by partial dehydration. A total of 300 mg

membrane protein in gradient buffer, pH 7.4, were placed in a Delrin

sedimentation cell (Chester et al., 1987) containing an ultrathin aluminum

foil (0.008-mm thickness; Goodfellow Corp., Berwyn, PA) or PET substrate

(0.023-mm thickness; Goodfellow). The membrane suspension and cell

were centrifuged at 28,000 rpm (;110,0003 g) for 24 h in an SW-28 rotor.

Immediately after centrifugation, the supernatant was aspirated from the

membrane pellet, and the pellet on the substrate was removed and mounted

on a curved glass support. The sample was partially dehydrated to 100%,

98%, or 96% relative humidity (H2O, saturated K2SO4, or saturated KNO3,

respectively) for a period of 24 h in a sealed brass canister. Sample

temperature was maintained at 48C.

Low angle x-ray diffraction

Cu K x rays produced by an Elliot GX-18 rotating anode x-ray generator

(Enraf Nonius Co., Bohemia, NY) were point focused with orthogonal

Frank’s mirror assemblies. Monochromatic Cu Ka x rays (l¼ 1.54 Å) were

selected by filtering with Ni foils. Slit collimation and helium filled beam

paths were used to reduce background scatter. Diffraction data were

recorded on DEF-5 film (Eastman Kodak Co., Rochester, NY) and typically

involved a stack of 5 films and a 48-h exposure at a sample-to-detector

distance of ;21 cm. Sample temperature was maintained at 48C.

Additional diffraction data at sample-to-detector distances from 60 cm to

2 m were collected at beamline X9-A, Brookhaven National Laboratories,

National Synchrotron Light Source, Upton, NY (Pachence et al., 1989).

Monochromatic x rays of l ¼ 1.54 Å were used; sample temperature was

maintained at 48C.

Data analysis and reduction

Film data were digitized on an Optronics P-1700 rotating drum scanner

(Optronics International Inc., Chelmsford, MA) using a 25-mm aperture size.

Digitized images were integrated using a radial-butterfly integration routine

which accounted for incident x-ray beam height and sample mosaic spread

(Gruner et al., 1982). First, a linear background was subtracted from the data

as a function of the number of pixels included in the radial integration.

Second, ‘‘parasitic’’ scatter by the x-ray optics and sample mount was

experimentally measured and matched to the sample data in the final stage of

the data reduction procedure. All five films in the lamellar diffraction data

collection were digitized, integrated and reduced as described. To obtain the

intensity function from the reduced film data, films were scaled to one

another by the appropriate power of the film factor, f. An average film factor

of 3.2 6 0.5 (n ¼ 21) (Phillips and Phillips, 1985) yielded satisfactory

overlap of the diffraction maxima on the films in the stack. The raw intensity

data were converted to units of s (s ¼ 2 sin(u)/l), where 2u is the angle

between the incident and scattered beam for a particular reflection. The

resultant intensity function was Lorentz corrected by s¼ 2 sin(u)/l to obtain

the experimental intensity function, Iexp(s). Finally, for each experimental

data set, the total corrected and integrated intensity was scaled to a constant

value in order to compare data sets between samples (Moody, 1963;

Blaurock, 1971).

The structure factor amplitudes,jFexp(s)j, calculated as the square root of

Iexp(s), were determined by fitting with a series of Gaussian functions. The

Gaussian functions were constrained to have mean values coinciding exactly

with reciprocal lattice positions and full-width-at-half-maximum (FWHM)

consistent with the amount of lattice disorder in the diffraction samples. In

fitting the lamellar diffraction data with a series of Gaussians, the FWHM

were determined experimentally for reflections l ¼ 3, 4, and 5. This was

done using synchrotron radiation and a sample-to-detector distance of 2 m.

The Gaussian fits for the remaining reflections were extrapolated linearly

from these experimentally determined FWHM. This resulted in the Gaussian

width increasing with s. This procedure yielded jFGfit(s)j, jFexp(s)j described
as a sum of Gaussian functions. Residuals were calculated as

R ¼ S½jFexpðsÞ � FGfitðsÞj=jFexpðsÞj� (1)

to judge the extent of agreement between the experimental and the fitted

structure factor amplitudes.

The structure factor amplitudes were phased by a pattern recognition

approach (Luzzati et al., 1972) in which every unique phase combination

was calculated and the resultant electron density profiles were judged based

on known or postulated properties of the membrane system. Several criteria

were then applied in judging a correct phase set: 1), the presence of two lipid

bilayer structures in the double membrane unit cell providing the highest

contrast elements in our diffraction experiments (Franks and Levine, 1981);

2), our current structural understanding of this membrane system

(Toyoshima and Unwin, 1988, 1990; Unwin, 1993, 1995; Miyazawa et al.,

1999); and 3), the presence or absence of nonzero intensity levels between

reflections indicating a likely phase change. These phasing methods were

then assessed for their agreement and a unique phase set was assigned (for

further details, see Results).

The structure factor amplitudes and phases were used to calculate

a relative electron density profile, rexp(z), for the nAChR membrane

multilayers. As an alternative to Gaussian fitting, the Iexp(s) was treated as

a continuous Fourier transform. The continuous jFexp(s)j function and the

phases were used to calculate a relative electron density profile, rexp(z), for

the nAChR membrane multilayers.

Error in Iexp(s) and rexp(z) was calculated as a point-by-point standard

deviation of the population, and was displayed as an envelope of uncertainty

around a mean for Iexp(s) and rexp(z).

Model calculation

Modeling of the interaction between the nAChR and a-toxin was undertaken

(Chester et al., 1992). For a careful analysis of the expected difference

electron density profiles, the AChBP (1I9B; Brejc et al., 2001) and a-toxin

(1KL8; Moise et al., 2002) were used in model calculations. A complex of

AChBP and two a-toxin molecules was constructed (Moise et al., 2002) and

the number of electrons was projected onto the z axis parallel with the

AChBP channel (Chester et al., 1992). The projected electron density

profiles are atomic resolution models of the nAChR synaptic domain in the

absence and presence of two a-toxin molecules.
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RESULTS

Membrane preparation

The purified nAChR membrane vesicles were evaluated by

quantitative SDS-PAGE and 125I-a-bungarotoxin binding

(data not shown). A representative polyacrylamide gel and

the four peak fractions typical of those used in the diffraction

studies are shown in Fig. 1. The sucrose gradient peak

fractions were ;85% nAChR by weight protein, including

rapsyn which is normally associated in a 1:1 stoichiometry

with the receptor (LaRochelle and Froehner, 1986). Further-

more, negative-stain electron microscopy revealed a homo-

geneous preparation with [95% of the membrane vesicles

between 0.5 mm and 1.5 mm in diameter and densely packed

with nAChRs (data not shown).

Low angle x-ray diffraction

The equatorial and lamellar diffraction data from nAChR

membrane samples are shown in Fig. 2. The equatorial dif-

fraction data (Fig. 2 a) revealed hexagonal packing of the

nAChR molecules in the plane of the membrane with a

center-to-center distance of 80 Å 6 1 Å (n ¼ 17) in the

absence of a-toxin, and this distance increased to 85 Å 6 1

Å (n¼ 6) in the presence of a-toxin. Predominantly oriented

on the equatorial axis were observed broad bands of con-

tinuous diffraction centered at 10 Å and 4.6 Å. Diffraction at

4.6 Å was characteristic of nonspecific liquid crystalline

chain packing of the lipid molecules in a bilayer organiza-

tion. Diffraction near 10 Å with a degree of orientation in

the plane of the membrane has been reported for the pur-

ple membrane (Blaurock, 1975), visual-cell disc membranes

(Blaurock and Wilkins, 1969), red blood cells (Lesslauer,

1978), sarcoplasmic reticulum membranes (Herbette et al.,

1977), and gap junction membranes (Makowski et al., 1977).

Invariably, this diffraction has been interpreted as a-helical

secondary structure with an average orientation perpendic-

ular to the plane of the membrane.

FIGURE 1 SDS-PAGE (0.1% SDS/10% polyacrylamide gel) of the four

peak fractions from a linear sucrose density gradient. These peak fractions

occurred at 36% to 37% sucrose and were;85% nAChR by weight protein

(including rapsyn). The gel shown is representative of the nAChR

membrane preparations used in the diffraction studies. The a, b, g, and d

subunits and rapsyn are indicated in the figure.

FIGURE 2 Representative low angle x-ray diffraction patterns obtained

from fully oriented nAChR membranes at 96% relative humidity, a sample-

to-detector distance of 21 cm, and a 48-h exposure for a 5-film stack. (a)

Equatorial diffraction data collected in transmission geometry at a sample-

to-detector distance of 21 cm. The beamstop shadow is in the center of the

film. The (1,0) reflection is readily apparent in the figure as a ring at low

angle (s ¼ 1/69.3 Å�1) as indicated by the arrow, while the (1,1) and (2,0)

were diffuse rings at higher angle (not shown). These reflections indexed on

a hexagonal lattice with an average center-to-center spacing of 80 Å 6 1 Å

(n ¼ 17). (b) Lamellar diffraction data, with the lamellar axis oriented

vertically and the equatorial axis oriented horizontally. The beamstop

shadow is at the intersection of these two axes. The left half of the figure is

the first film in the stack and the right half of the figure is the fourth film. The

lamellar lattice spacing for this sample was 454 Å6 3 Å with the diffraction

maxima indexed as (0,0,l ) for l ¼ 3, l ¼ 4, l ¼ 5, l ¼ 8 (s ¼ 1/57 Å�1), l ¼
11, l ¼ 13, l ¼ 16 (s ¼ 1/28 Å�1), and l ¼ 32 (s ¼ 1/14 Å�1). The lamellar

lattice positions are indicated on the right-hand side from bottom to top for

l ¼ 3, l ¼ 4, l ¼ 5, l ¼ 8, l ¼ 11, l ¼ 13, l ¼ 16, and l ¼ 32.
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Fig. 2 b is representative of the lamellar diffraction data

obtained from nAChR membranes. The lamellar lattice

spacing for this sample was 454 Å 6 3 Å with a maximum

resolution of 14 Å recorded on this film. The lamellar

diffraction from these samples extended to ;8 Å resolution

on average. Despite the moderate resolution x-ray diffraction

exhibited by these samples, sample disorder was a compli-

cating factor in our interpretation. Disorder of the first kind,

or mosaic spread, is due to microdomains or crystallites in

the sample (Hosemann and Bagchi, 1962). Mosaic spread

can be quite severe, yet high resolution diffraction can still be

observed (e.g., a salt powder pattern). Disorder of the second

kind, or lattice disorder, reflects the number of ordered mem-

branes within a crystallite (Hosemann and Bagchi, 1962;

Schwartz et al., 1975; Blaurock, 1982) and is a primary

determinant of resolution. For our nAChR membrane multi-

layers, Patterson analysis (Chester et al., 1992; Young et al.,

1992) revealed an average of three ordered membranes per

crystallite (data not shown) with a mosaic spread of 30–408

(Fig. 2 b). Even with the apparent lattice disorder, lamellar

diffraction was readily observed beyond 14 Å with a maxi-

mum Bragg-order of l ¼ 32 used in these studies (d/32 ¼ 14

Å, where d ¼ 452 Å). This is not unexpected because

reflections l ¼ 8, 16, and 32 arise primarily from the

membrane lipid bilayer (Chester et al., 1992).

The digitized, integrated, background-corrected, and

Lorentz-corrected Iexp(s) is shown in Fig. 3 a. The intensity
function is the composite of data collected on rotating-anode

and synchrotron x-ray sources. The average lattice spacing

for the nAChR membrane multilayers was 452 Å6 5 Å (n¼
21). A linear regression analysis of the integer lattice posi-

tion, l, versus the center-of-mass position for each reflection

in reciprocal Angstroms gave a slope of 452 Å (sslope was

3 Å with a correlation of 0.99990). The maximum deviation

of the center-of-mass position for any reflection from the

true lattice position was less than 1% and was randomly

distributed.

The next stage in the data analysis involved determination

of the structure factor amplitudes from Iexp(s). The structure
factor modulus, jFexp(s)j, calculated as the square root of

Iexp(s), was fitted with a series of Gaussian functions taking

into account the apparent lattice disorder. The Gaussians

were constrained to have mean values exactly at reciprocal

lattice positions (l/d, where l is an integer and d¼ 452 Å) and

FWHM consistent with the amount of lattice disorder in the

sample. Using synchrotron radiation and long sample-to-

detector distances, the FWHM for reflections l ¼ 3, 4, and 5

were determined experimentally. The Gaussian fits for the

remaining reflections were extrapolated linearly from these

experimentally determined FWHM. This resulted in the

Gaussian widths increasing with s. A representative result is

shown in Fig. 3 b with the jFexp(s)j and the individual

Gaussians used in the fit. Residuals were calculated to judge

the agreement between jFexp(s)j and jFGfit(s)j and were

determined to have a mean value of Rmean ¼ 0.13 (n ¼ 21).

Two basic approaches were used to determine a set of

phases. For a centrosymmetric unit cell the only possible

phase choices are zero or p radians. Therefore, for the ob-

served lamellar diffraction there were 28 (256) possible

phase combinations, which reduced to 64 phase combina-

tions after eliminating simple profile inversions and shifts in

the unit cell origin. The first phasing method used a pattern

recognition approach (Luzzati et al., 1972). The 64 unique

phase combinations were used to generate electron density

profile structures, and these 64 electron density profiles were

visually inspected for the presence of two apposed lipid

bilayer structures in the double-membrane unit cell. Sur-

prisingly, only 2 out of the 64 phase combinations possessed

clearly defined lipid bilayer structures (Wiener and White,

1992). The remaining two profile structures were compared

against known structural information on the nAChR and

found to be in general agreement (in terms of the protein

mass distribution across the membrane). The second phasing

approach utilized synchrotron radiation and long sample-to-

FIGURE 3 (a) Iexp(s) derived from the digitized, in-

tegrated and corrected film data. The intensity data is

plotted as relative intensity (arbitrary units) versus re-

ciprocal Angstroms (in units of s, where s ¼ 2 sin(u)/l).

The solid line is the average of 21 samples from 10

membrane preparations, and is surrounded by an envelope

of uncertainty calculated as a point-by-point standard

deviation of the population (dashed lines). As in Fig. 2, the
lamellar lattice positions are indicated from left to right for

l ¼ 3, l ¼ 4, l ¼ 5, l¼ 8, l ¼ 11, l ¼ 13, l ¼ 16, and l ¼ 32.

The center-of-mass position of each diffraction maxima in

reciprocal Angstroms was plotted versus integer lattice

position, l. The slope of a linear regression fit was 452 Å

with a sslope of 3 Å and a correlation of 0.99990. (b) An

example of the Gaussian fitting of jFexp(s)j. jFexp(s)j is
shown as a black line and was calculated as the square root

of Iexp(s), and the Gaussians used in the fit are shown as

gray lines. The final fit between jFexp(s)j and jFGfit(s)j
yielded a mean residual of R ¼ 0.13 (n ¼ 21).
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detector distances to discern discontinuities in the lamellar

diffraction data. A sharp discontinuity, or zero intensity level,

observed between the l ¼ 3 and l ¼ 4 reflections indicated

a possible phase change.

Of the 256 possible phase combinations, only a single

phase set was consistent with both the known structure of the

nAChR membrane and the positions of zero and nonzero

intensity levels between lamellar reflections (Table 1). Two

phase sets satisfied our first selection criteria and gave a

double-membrane unit cell with two apposed lipid bilayer

structures. These two phase sets were reduced to a single,

unique phase set based on the sharp discontinuities in

intensity level detected between l ¼ 3 and l ¼ 4 (possible

phase change), between l ¼ 5 and l ¼ 8 (phase change), and

between l ¼ 8 and l ¼ 11 (phase change). Conversely, non-

zero intensity levels between reflections indicated no phase

change, as observed between l ¼ 4 and l ¼ 5. Thus, the final

phase set was the most likely phase combination consistent

with both the experimental information presented in this

study and our current structural understanding of this mem-

brane system. Moreover, this phase set was determined to be

the only acceptable phase combination based on low angle

x-ray diffraction studies of Torpedo nAChR membranes in

the presence of a-toxin (discussed below).

Fig. 4 is the 14-Å resolution electron density profile

structure for the nAChR membrane calculated from the

structure factor amplitudes and phases described above. For

the profile structure of Fig. 4, a and b, the structure factor

amplitudes were determined by Gaussian decomposition

as described above. As an alternative to Gaussian decom-

position, the intensity function was treated as a continuous

Fourier transform and the electron density profile was

calculated by applying the phases to the continuous jFexp(s)j
function (Fig. 4 c). Comparison of these two electron density

profiles, calculated using very different methods, revealed

significant differences only at the edges of the unit cell. One

can infer from this that small changes in the Gaussian

FWHM used for decomposition would result in negligible

changes in the electron density profile. Moreover, the

method of interpretation had no effect on the difference

electron density profile calculated in the presence of a-toxin.

Clearly visible in the nAChR double-membrane unit cell

(Fig. 4 a) are slightly asymmetric lipid bilayer structures with

the methyl-troughs centered at 656.5 Å and phospholipid

headgroup-to-headgroup spacings of 43 Å (Ross et al.,

1977). The two apposed nAChR membranes are oriented

with their cytoplasmic domains toward the x axis origin.

One-half of the double membrane unit cell is shown for

clarity in Fig. 4 b, and our interpretation of the profile

structure is shown in Fig. 4 c. The nAChR cytoplasmic

domain and rapsyn extended 35 Å from the bilayer surface.

The synaptic domain of the nAChR appeared to extend as far

as 90 Å above the bilayer surface followed by another ex-

tensive region at the edge of the unit cell (6197 Å). This

region at the edge of the unit cell was attributed to the ;20

kDa of glycosylation attached to the nAChR (Nomoto et al.,

1986; Poulter et al., 1989) which would remain highly

hydrated in these experiments. Excluding glycosylation, our

results gave a total molecular length for the nAChR (includ-

ing rapsyn) of 168 Å, consistent with mean radial density

distributions from tubular crystals of nAChR membranes

(Toyoshima and Unwin, 1988, 1990).

Low angle x-ray diffraction in the presence
of a-toxin

To evaluate differences in the electron density profile in the

absence and presence of a-toxin, six sets of matched samples

from three separate membrane preparations were prepared.

Fig. 5 summarizes the low angle x-ray diffraction data from

these six sets of matched samples. At this point, it is neces-

sary to consider some aspects of the error in determining

Iexp(s). The envelope of uncertainty in Iexp(s) translated into

an error of;22% [jDI(s)j/ I(s)]. However, this error included

TABLE 1 Summary of the structure factor amplitudes

and phases for the nAChR membranes in the absence

and presence of a-bungarotoxin

Miller indices

(0,0,l)

Integrated intensity* Phasey

� Toxin 1 Toxin � Toxin 1 Toxin

1 N/Az N/A

2 N/D§ N/D

3 27152 57088 0 or p p

4 70134 146329 0 0

5 95307 183849 0 0

6 0 0

7 16700 55778 p p

8 705525 675346 p p

9 110865 110865 p p

10 0 0

11 42476 52928 0 0

12 20005 22859 0 0

13 19299 19299 0 0

14 0 0

15 5921 4447 p p

16 37221 41353 p p

17 6317 1797 p p

31 653 653 p p

32 84881 77504 p p

33 688 688 p p

*Integrated intensities are the structure factors amplitudes determined by

Gaussian fitting as described in Materials and Methods.
yPhases were determined by the pattern recognition approach of Luzzati

et al. (1972). A sharp minimum in intensity level between l ¼ 3 and l ¼ 4

suggested that these two reflections have opposite phases. This was later

confirmed by the pattern recognition approach in the presence of a-bun-

garotoxin.
zNot apparent. The first Bragg order must be nearly zero. Grazing-

incidence small angle x-ray scattering was performed using synchrotron

radiation and a sample-to-detector distance of 2 m. A first Bragg order was

never found.
§Not determined. A weak second Bragg order was observed, but its

intensity could not be accurately determined. The effect of a weak second

order on the nAChR profile structure was negligible.
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such variables as hydration state, multilayer sample prepa-

ration technique, and multiple nAChR membrane prepara-

tions, in an attempt to obtain a truly ‘‘average’’ structure. The

profile structure presented in Fig. 4 is the average structure

obtained for 21 multilayer samples prepared from 10 mem-

brane preparations.

Within a single membrane preparation and under identical

multilayer preparation conditions, the error in Iexp(s) was

greatly reduced. This error was significantly reduced if all

samples originated from the same membrane preparation,

and all samples were prepared and handled under identical

conditions. With these constraints, error in Iexp(s) was re-

duced to 12%. This error level was tolerable in terms of the

observed differences in the lamellar diffraction data for

samples prepared in the presence of a-toxin. The average

difference in total intensity in the presence of toxin was 346

13%. Moreover, the nAChR membrane multilayer samples

were not perturbed by the presence of bound a–toxin. The

average lamellar lattice spacings in the absence and presence

of a-toxin were 452 Å6 4 Å (n ¼ 6) and 454 Å6 4 Å (n ¼
6), respectively.

For samples prepared in the absence and presence of

a-toxin, the structure factor amplitudes were determined as

FIGURE 4 (a) Average experimental electron density profile structure

derived for fully oriented Torpedo californica nAChR membranes at 14 Å

resolution. Note that the two minima at 656.5 Å correspond to the methyl

troughs of lipid bilayer structures. (b) One half of the double-membrane unit

cell is shown for clarity from �226 Å to 0 Å. A point-by-point standard

deviation of the population (n ¼ 21) is shown as an envelope of uncertainty

around the mean (dashed lines). (c) Interpretation of the profile structure.

Shown are the average experimental electron density profile structure

(dashed line) and a profile structure derived from direct application of the

phases to the structure factor amplitudes without Gaussian fitting (solid line).

The membrane bilayer and the synaptic and cytoplasmic sides of the

membrane are indicated. The full extent of the nAChR is shown as well as

a region postulated to correspond to glycosylation and aqueous space

between multilayers.

FIGURE 5 The experimental intensity functions, Iexp(s)s, determined for

Torpedo nAChR membranes in the absence and presence of a-toxin,

corresponding to six matched sample pairs from three membrane

preparations. The intensity data are plotted as relative intensity (arbitrary

units) versus reciprocal Angstroms (in units of s, where s¼ 2 sin(u)/l). Each

of the three panels is derived from a separate membrane preparation. Each

panel is the average Iexp(s) for two matched sample pairs, two samples in the

absence (solid line) and two samples in the presence (dashed line) of

a-toxin. These Iexp(s)s differ by jDI(s)j/I(s)¼ 22% (top panel ), 50% (middle

panel ), and 30% (bottom panel ).
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described above. It should be noted that for each exper-

imental data set with and without a-toxin, the total corrected

and integrated intensity was scaled to a constant value in

order to compare data sets between samples (Moody, 1963;

Blaurock, 1971). In the presence of a-toxin, there were no

changes in the positions of the observed reflections or in the

background intensity levels between reflections. The only

apparent changes in Iexp(s) were in the magnitudes of the

observed reflections (Fig. 5).

The structure factor amplitudes were independently

phased using the methods described above. Electron density

profiles, r(z)s, in the absence and presence of a-toxin were

calculated using each potential phase set. Since the overall

form of Iexp(s) did not change, it was reasoned that the phases
must be the same in the absence and presence of a-toxin.

The pattern recognition approach (Luzzati et al., 1972) was

used to evaluate difference electron density profiles, Dr(z),
for every unique phase combination. The selection process

relied on visual inspection of the Dr(z)s for the following

properties: 1), The differences in the profile structure must be

localized; 2), The differences must occur primarily on one

side of the membrane bilayer; and 3), There should be a

positive difference attributable to the location of the a-toxin

molecules (locally, the specific binding of two a-toxin mol-

ecules should contribute ;21% more protein mass). Only

a single phase set satisfied the above criteria. Moreover, this

phase set was arrived at independently and was the same as

that described above.

The structure factor amplitudes and phases were used to

calculate electron density profiles for each of the six matched

sample pairs. After scaling the intensity functions with and

without a-toxin to the same constant value (arbitrary units),

no scaling or normalization was applied to the electron

density profiles. One-half of the double-membrane unit cell

is shown in Fig. 6 a with the average Dr(z) calculated from

the six sample pairs. A point-by-point standard deviation of

the population of Dr(z)s was calculated and is shown as

an envelope of uncertainty around the mean. A positive dif-

ference in electron density was observed at 696 Å (directly

apposed to the phospholipid headgroup peak of the lipid

bilayer) with a FWHM of ;34 Å (toxin site in Fig. 6 b). A
second positive difference in electron density was observed

at the edges of the unit cell, at 6215 Å with a FWHM of

21 Å. Regions of decreased electron density were observed

at 657 Å and 6141 Å.

Model calculation

An atomic model for part of the electron density profile

structure was calculated using the atomic structures for

AChBP (Brejc et al., 2001) and a-toxin (Moise et al., 2002).

A complex of AChBP and two a-toxin molecules was

constructed and the number of electrons were projected onto

the z axis parallel with the AChBP channel (Chester et al.,

1992). The resultant electron density profiles are shown in

Fig. 7 b. The number of electrons added locally by the

presence of two a-toxin molecules yielded a 21% increase in

electron density (calculated between 24 and 58 Å in Fig. 7 b;
14% increase overall in the model). The model strongly

supports the observed increase in electron density and the

interpretation in Fig. 6 b.

DISCUSSION

There have been several low angle x-ray diffraction studies

of native nAChR membranes (Dupont et al., 1974; Ross

et al., 1977; Kistler et al., 1982; Fairclough et al., 1983,

1986). In light of these studies, our goal was to resolve some

of the ambiguities concerning the nAChR electron density

profile by obtaining high quality, reproducible, moderate

FIGURE 6 (a) The electron density profile structure for the nAChR

membrane in the absence of toxin (gray line) is shown for one-half of the

double membrane unit cell from �226 Å to 0 Å. Superimposed is the

average difference electron density profile, Dr(z), calculated from the six

matched sample pairs (black line). The average Dr(z) is surrounded by an

envelope of uncertainty calculated as a point-by-point standard deviation

(dashed lines) for the six matched sample pairs. (b) Interpretation of the

Dr(z). The membrane bilayer and the synaptic side of the membrane are

indicated. Electron density postulated to be the a-toxin binding sites (red),

additional electron density at the edge of the unit cell (red), and regions of

decreased electron density (green) are shown.
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resolution, low angle x-ray diffraction data. In addition, this

system would allow us to resolve some of the ambiguities

concerning the a-toxin binding sites and their proximity to

the membrane surface.

Given that the information content in a low angle x-ray

scattering profile is low, the question remains exactly how

much information is there. A fundamental component of all

natural membranes is the fluid state lipid bilayer. Low angle

x-ray diffraction has played a central role in understand-

ing bilayer structure, where the ‘‘structure’’ of a membrane

consists of the average spatial distribution of the lipids and

proteins projected onto a line normal to the membrane plane.

The electron density difference between the phospholipid

headgroups and terminal methyl groups of lipid moieties in

a bilayer structure provides the highest contrast elements

in our diffraction experiments (Franks and Levine, 1981). In

fact, analysis of membrane diffraction data can yield a high

degree of spatial resolution and precise localization for both

the lipids and proteins comprising a membrane bilayer

(Wiener andWhite, 1991, 1992). As such, this technique was

well suited for localizing the a-toxin binding sites relative to

the membrane lipid bilayer.

In these studies, we offer an interpretation of the electron

density profile that is consistent with our current under-

standing of the nAChR structure (Fig. 4 c). The cytoplasmic

domain of the nAChR and rapsyn extend 35 Å from the

membrane bilayer surface. The lipid bilayer is asymmetric

with a thickness of 43 Å (phospholipid headgroup-to-head-

group distance). The synaptic region of the profile structure

is divided into two regions, the nAChR synaptic domain

which appears to extend ;90 Å above the bilayer surface

and a region we interpret to correspond to the ;20 kDa of

nAChR-attached glycosylation (Nomoto et al., 1986; Poulter

et al., 1989). This interpretation is in overall agreement with

electron cryomicroscopy studies (Toyoshima and Unwin,

1988, 1990; Unwin, 1993, 1995; Miyazawa et al., 1999).

In the multilayer sample preparation employed herein,

the nAChR membranes were incubated in the presence of

excess a-toxin to maximize binding and complex formation.

Important to the diffraction sample preparation procedure

are several aspects of the association between a-toxin and

nAChR. The long a-toxins have an association rate much

slower than the diffusion limit, with 1 min to 1 h required for

maximum binding (Klett et al., 1973; Weber and Changeux,

1974; Maelicke et al., 1977; Blanchard et al., 1979). The

off-rate of the a-toxins is extremely slow (several hours to

many days) and is independent of temperature (Weber and

Changeux, 1974; Chicheportiche et al., 1975). Thus, the

nAChR multilayer samples prepared in the presence of

a-toxin were expected to remain stable during the time course

of our experiments. Indeed, differences were readily ap-

parent in the lamellar diffraction data from samples in-

cubated in the presence of a-toxin (Fig. 5).

In the presence of a-toxin, we offer an interpretation of the

difference electron density profile consistent with our current

understanding of the nAChR structure (Fig. 6 b). The Dr(z)
indicated three primary features which were interpreted in

the following way. The principle difference was an increase

in electron density on the synaptic side of the nAChR mem-

brane, directly apposed to and in apparent contact with the

bilayer surface. This increase in electron density measured

34 Å across, in accord with the approximate 40 Å3 30 Å3

20 Å dimensions of a-toxin (Love and Stroud, 1986; Harel

et al., 2001; Scarselli et al., 2002; Moise et al., 2002). Thus,

the increase in electron density was interpreted as nAChR-

bound a-toxin, with the two a-toxin molecules occupying

equivalent positions on the a-subunits. Regions of decreased

electron density were observed in the Dr(z) flanking the

a-toxin binding sites. These regions of decreased electron

density may reflect a conformational change in the nAChR

accompanying a-toxin binding (McCarthy and Stroud, 1989;

Unwin, 1995). The conformational changes were local to the

a-toxin binding sites and encompassed the synaptic and

FIGURE 7 (a) Comparison of the average difference electron density

profile Dr(z) (black line) and the profile structure for the nAChR membrane

in the absence of toxin (gray line) with the 3D models of Harel et al. (2001)

and Moise et al. (2002). In these two models, the AChBP is in gray and

a-toxin is in green (Harel et al, 2001) and red (Moise et al., 2002). (b)

A complex of AChBP (Brejc et al., 2000) and two toxin molecules (Moise

et al., 2002) was constructed and the number of electrons was projected onto

the z axis parallel with the channel for AChBP alone (thick gray line), two

a-toxin molecules alone (thick black line), and the complex of AChBP and

two a-toxin molecules (thin black line). The resultant electron density pro-

files are atomic resolution models of the nAChR synaptic domain in the ab-

sence and presence of two a-toxin molecules.
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transmembrane domains of the nAChR. The final change in

electron density observed in the Dr(z) was a small increase

in electron density at the edges of the unit cell. This was

interpreted as unbound a-toxin trapped between nAChR

membrane vesicles during the multilayer sample preparation.

More importantly, this increase in electron density was too

far from the bilayer surface to correspond to nAChR-bound

a-toxin (137 Å above the bilayer surface).

The location of the a-toxin binding sites on the nAChR

have been examined using the techniques of low angle

x-ray diffraction (Kistler et al., 1982; Fairclough et al., 1983),

electron microscopy (Holtzman et al., 1982; Zingsheim

et al., 1982; Bon et al., 1984; Kubalek et al., 1987), and

fluorescence resonance energy transfer experiments (Herz

et al., 1989; Johnson et al., 1990; Valenzuela et al., 1994). In

general, low angle x-ray diffraction and electron microscopy

experiments have suggested a location for the a-toxin

binding sites on the apex of the nAChR synaptic domain.

This evidence notwithstanding, more recent electron cryo-

microscopy (Unwin, 1993, 1995; Miyazawa et al., 1999)

and fluorescence resonance energy transfer (Herz et al.,

1989; Johnson et al., 1990; Valenzuela et al., 1994) experi-

ments have suggested a location significantly below the

extracellular apex and closer to the membrane surface. This

assertion is likely to be correct given the structures of the

AChBP (Brejc et al., 2001) and numerous a-toxin com-

plexes (Basus et al., 1993; Zeng et al., 2001; Scherf et al.,

1997; Harel et al., 2001; Moise et al., 2002).

CONCLUSION: A MODEL FOR
a-TOXIN BINDING

Electron density profiles of one-dimensional arrays, derived

by the technique of low angle x-ray diffraction, provide

a powerful method for localizing the proteins and lipids that

make up native membranes. In our application of this tech-

nique, the most striking observation is the proximity of the

a-toxin binding sites to the membrane surface. Our profile

structures indicate that the bound a-toxins contact the phos-

pholipid headgroups of the lipid bilayer. In other words,

the average distribution of the toxin binding sites partially

overlaps the average distribution of the phospholipid head-

groups of the lipid bilayer. Thus, a-toxin binding may dis-

place lipid headgroups associated with the nAChR, partially

explaining the slow on-rate of the long a-toxins (Klett et al.,

1973; Weber and Changeux, 1974; Maelicke et al., 1977;

Blanchard et al., 1979). Nonetheless, our data confirms and

extends a growing body of evidence that a-toxin binds to the

side of the nAChR synaptic vestibule. In Fig. 7, two current

models of a-toxin binding (Harel et al., 2001; Moise et al.,

2002) are compared to the profile structures derived in our

studies. While these models rely on the structure of the

AChBP (Brejc et al., 2001), our observations apply to the

nAChR in its natural environment, the fully hydrated post-

synaptic membrane.
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